Historical sources of polar motion are analysed together with modern data in order to compile a set of coordinates of the mean pole in a reference system consistent with that of the International Earth Rotation Service. The trend and quasi-periodic motion of the pole are investigated, and we find that the rotational pole appears to be moving at the rate of 0.333 arcsec century-' in the direction of 75.0" west longitude. Modern data also appear to be consistent with the possible existence of very low-frequency periodic motion (Markowitz wobble).
I N T R O D U C T I O N
Polar motion is the motion of the Earth's instantaneous rotation axis with respect to its surface. It is usually measured in x and y angular coordinates, where the x coordinate is located along the Greenwich meridian and the y coordinate is directed 90" to the west. Owing to changes in its inertia tensor caused by the redistribution of mass, the Earth's axis of rotation has long-term motions. In general, the main features of the Earth's low-frequency polar motion can be described as a combination of this aperiodic motion, an elliptical motion with an annual period, and a nearly circular motion with a period of roughly 430 days. The latter motion is the free oscillation of the Earth, known as the Chandler wobble. The centre of the periodic motion is called the 'mean' pole, and its movement is related to low-frequency variations in the Earth's inertia tensor. An additional very low-frequency constituent of the polar motion was originally suggested by Markowitz (1960) in g 0.0 1 as a 'libration' having a period of approximately 24 years. Subsequent analyses (Wilson & Vicente 1980; Dickman 1981; Chao 1983; Okamoto & Kikuchi 1983 ) suggest a longer period. Comprehensive reviews of polar motion can be found in Munk & MacDonald (1960) , Lambeck (1980) and Eubanks (1993) .
Observations of the Earth's polar motion have been made since the 19th century. The earliest routine observations were made through the International Latitude Service (ILS), which included stations located at nearly the same latitude using the same observing catalogue of star positions and proper motions to monitor the motion of the rotational pole. The stations, which began operations in 1899, were located along the parallel of 3 9 3 ' in Japan, the United States, Italy, and Uzbekistan, providing a wide range in longitude. The instruments used for measuring polar motion were visual and photographic zenith telescopes. The International Polar Motion Service (IPMS), which was created in 1962, incorporated the ILS observations, combining them with other astronomical data to produce a I - ' 1965 1970 1975 1980 Year Figure 1 . Differences between BIH and ILS polar motion.
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0 US Naval Observatory set of polar coordinates consistent with the system of the ILS but of higher accuracy. Because polar motion affects the determination of astronomical time ( UTl), the Bureau International de 1'Heure (BIH) began in 1962 to determine the Earth's polar motion using data collected by centres located around the world. In addition to the ILS results, the BIH used astronomical data obtained using various types of instrumentation and techniques. In 1988, this service and the IPMS were replaced by the International Earth Rotation Service (IERS), which currently provides Earth orientation information, including polar motion, using contributed data obtained from very long baseline interferometry, laser ranging to artificial satellites and the Moon, and analysis of Global Positioning System (GPS) satellite orbits. As a participant in the IERS, the National Earth Orientation Service (NEOS) produces an Earth orientation time-series, started in 1976, consisting of a combination of data that are contributed to the IERS. These data are combined using the procedure outlined in McCarthy & Luzum (1991) . The IERS Central Bureau has also produced a set of polar coordinates going back to 1846. This series is not suitable for the investi- Table 3 . The uncertainties for the BIH and NEOS points are too small to be seen in the figure. The dashed curve is composed of a straight line and 30.6 yr sinusoids fit to the data.
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gation of a trend in polar motion, since trends were removed in data before 1900. The series, referred to as EOP(1ERS) 93 C 01, has data available at intervals of 0.05 yr from 1890 to the present, and at intervals of 0.1 yr from 1846 through 1889. Because of the removal of the trends from these data during the first part of this series, it was decided not to use the EOP( IERS) 93 C 01 series in this analysis. Each of these sources provides a time-series of polar motion within its own reference system. These systems are not necessarily consistent, but their differences can be characterized by a set of bias estimates determined from comparisons of the 
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data sets during the overlap periods when there was more than one organization providing information.
To investigate the nature of the very low-frequency polar motion, it is necessary to assemble a series of polar-motion observations that are consistent within one reference system. With such a data set, it is possible to evaluate the trend in polar motion and to investigate possible low-frequency periodic motions, which have been suggested previously (Hattori 1959; Markowitz 1960 Markowitz , 1968 Markowitz , 1970 . Early investigations, which used optical astronomical data, were plagued by the possibility of systematic errors in the proper motions contained in the star (1988) concluded that the low-frequency oscillation was caused by systematic effects a t the individual stations. Gross (1990) , on the other hand, concluded from an analysis of the ILS data alone that the long-period variations are real. With the addition of a substantial amount of data from modern techniques, it is now possible to look into the consistency of these modern, nonoptical data with the earlier information.
THEORY
Using the terminology of Munk & MacDonald (1960) and Lambeck (1980) , the pole of rotation m rotates about the mean position Y of the excitation pole, where m is a vector whose components are ( x , -y), x and y being the usual polar coordinates. The mean position of the excitation pole can then be determined from an analysis of the observations of the polar coordinates, x and y . In this paper, the components of the mean pole as determined from the observations will be referred to as .f and j , and can be considered as estimates of the components of the vector Y.
OBSERVATIONS
The data used in this analysis were taken from the ILS, BIH, and NEOS series. The accuracy of the three data sets has improved with time. Therefore each data set was used until the next, more accurate, data set became available. The ILS data are the 'homogeneous' ILS data taken from the work of Yumi & Yokoyama (1980) . The BIH data were taken from the monthly publications of the BIH from 1962 to 1976, and the NEOS data were computed using the process outlined in McCarthy & Luzum (1991). To place two data sets in one consistent system, the measurements were compared during the first year that both sets of data were available, in order to determine their mean difference in x and y. The one year interval was chosen to eliminate the possibility of annual Table 1 . By adjusting the data to the NEOS system, the mean poles of all three data sets were combined to provide one data set with no discontinuities between the different reduction centres. Figs 1 and 2 show the differences among the data sets during their entire overlap periods. From Fig. 2 it is apparent that, while the bias between NEOS and BlH was 1 1 mas during the period from 1976.4 to 1977.4, there are no significant differences between the NEOS and the BIHiIERS systems now. Therefore, no systematic corrections were applied to the NEOS or BIH data. Table 2 summarizes the sources of the data used to form the final time-series analysed to determine the mean-pole coordinates.
D E T E R M I N A T I O N OF THE MEAN-POLE C O O R D I N A T E S
Independent estimates of the centre of the pole path were calculated using procedures that depend on the frequency of the data sampling. The ILS data, being available monthly, were split into 21 yr intervals, starting with the first data in 1899. In turn, each of these 21 yr periods was split into seven 3 yr intervals. Over the 21 yr interval, a single set of leastsquares estimates of the annual and Chandler coefficients was calculated, but, for every 3 yr interval, a different bias was determined. The 21 yr data span allowed for enough data to determine the periodic components of polar motion, while the 3 yr span provided adequate data for the determination of the mean-pole position. This procedure overcomes the problem of the variable Chandler amplitude.
The BIH and the NEOS both provide more frequent estimates of polar motion. BIH provided data at 5 day intervals, while NEOS provides daily values. It was therefore possible to obtain a least-squares solution for the mean-pole path using two years of data, solving for mean-pole position, annual, and Chandler parameters simultaneously. Table 3 lists the values for the mean pole obtained from the three data sets in the NEOS system, which is now equivalent to the IERS system. Also listed are the formal errors ( 0 ) of the estimates.
The general motion of the pole can be seen in the plot of the positions of the mean pole shown in Fig. 3 . Fig. 3 shows a clear trend in the motion of the mean pole. Spectral analysis confirms that there is also a periodic variation with a period of 30.6yr. This appears to be the motion first discussed by Markowitz (1960) , and since analysed by a number of authors (Rhyklova 1969 Zhao & Dong (1988) suggested that the apparent motion is due solely to variations in the direction of the vertical at the Ukiah, California ILS station. Gross ( 1990) contended that this long-period oscillation is real. Wilson and Vicente (1980) [Least -squares1
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The path determined by fitting a linear drift and 30.6yr periodic variation to the data is also drawn in Fig. 3 . A leastsquares fit of all of the Table 3 data shows that the trend lies in the direction of 75.0" +_ 1.1" west longitude with a rate of 0.333 0.008 arcsec century-'. Table 4 compares this result with those of recent analyses. Fig. 4 shows plots of the residuals of each of the series from the curve composed of a linear trend and a 30.6 yr periodicmotion fit to the combined mean-pole data set. Also drawn in Fig. 4 are the regression lines fit to the series' residuals and their 95 per cent confidence limits. All confidence limits include the possibility of a zero-slope fit, indicating that there are no significant differences among the series at the 95 per cent level. The NEOS series does, however, indicate that the drift determined from the most recent high-precision data does differ from that determined from the combined data, even though the drift may not be significant at the 95 per cent level. Further data will be required to see if this apparent difference is confirmed.
A separate analysis of the NEOS data only, without solving for a long-period motion, shows that these high-precision data can be represented by a linear drift of 0.339 _+ 0.053 arcsec century along a longitude of 85.4" 4.0" west. The re-analysis of past optical observations in the system of HIPPARCOS, a project of an IAU Working Group being chaired by J. Vondrak, may be able to make an important contribution to the understanding of the potential difference in the directions of motions determined from the overall data set and the modern set. Although preliminary reports (e.g. Vondrak et ul. 1955) are available, the final report awaits the completion of the HIPPARCOS catalogue.
DISCUSSION
Recent high-precision observations appear to validate the past analyses of secular and low-frequency polar motion. Studies have suggested that postglacial rebound is largely responsible for the motion (Dickman 1979; Nakiboglu & Lambeck 1980 Sabadini & Peltier 1981 Wu & Peltier 1984; Peltier 1988) . Recent studies have also investigated other causes that contribute to such motion. These include the effect of snow loading (Chao et ul. 1987) , changes in major hydrological reservoirs (Chao 1988) , the melting of glaciers (Trupin, Meier & Wahr 1992) , continental drift (Soler & Mueller 1980; Dickman 1979) and the effects of polar ice (Trupin 1993; Wahr et ul. 1993) . Theoretical studies of these geophysical phenomena have yielded estimates of the rate and direction of the drift they produce. Table 5 summarizes some of these recent predictions.
CONCLUSIONS
Past observations of the path of the mean pole have been combined with modern high-precision data to provide the path Assumes month viscosity of loz3 Poise of the mean pole in the IERS Reference System. Analysis of these data has shown that the secular motion of the rotational pole since 1899 has a rate of 0.333 arcsec century-' in the direction of 75.0" west longitude. This result agrees well with past analyses based only on optical data. Analysis of NEOS modern, high-precision data only shows a secular motion of 0.339 f 0.053 arcsec century-' along a longitude of 85.4" f 4.0" west since 1976. The modern data also appear to be consistent with the possible existence of the very low-frequency periodic motion (Markowitz wobble) and support the contention of Gross (1990) .
